[1] The importance of cross-shelf transport across the Ross Sea on local and remote processes has been well documented. In the Ross Sea, mid-water intrusions of Circumpolar Deep Water (CDW) are modified by shelf water near the shelf break to form Modified Circumpolar Deep Water (MCDW). In 2010-2011, we deployed multi-platform technologies focused on this MCDW intrusion in the vicinity of Mawson and Pennell Banks to better understand its role in ecosystem processes across the shelf. The high-resolution time and space sampling provided by an underwater glider, a short-term mooring, and a ship-based survey highlight the scales over which these critical cross-shelf transport processes occur. MCDW cores were observed as small-scale well-defined features over the western slopes of Pennell and Mawson Banks. The mean transport along Pennell Bank was estimated to be about 0.24 Sv but was highly variable in time (hours to days). The observations suggest that the core of MCDW is transported by a predominately barotropic flow that follows topography around the banks toward the south until the slope of the bank flattens and the warmer water moves up and over the bank. This pathway is shown to link the source MCDW with an area of high productivity over the shallows of Pennell Bank.
Introduction
[2] The shelves of Antarctica's continental seas are critical centers for water mass transformation. The water masses that undergo these transformations have origins in the deep ocean and on the shelf itself [Foster and Carmack, 1976; Killworth, 1977; Baines and Condie, 1998 ]. The seasonal cycle of the high latitudes plays an important role in their formation, transformation, and exchange between the shallow shelves and the deep waters of the Southern Ocean [Assmann et al., 2003; Assmann and Timmermann, 2005] . In the winter, strong katabatic winds streaming off the Antarctic continent maintain open water polynas with nearly continuous ice formation [Budillon and Spezie, 2000; Fusco et al., 2009] . The newly formed dense water mixes completely to the bottom and eventually becomes Antarctic Bottom Water (AABW) [Orsi et al., 1999; Gordon et al., 2009b] . AABW is a key component of the global climate system, bringing cold, recently ventilated water to lower latitudes [Orsi, et al., 2002; Jacobs, 2004] . The austral summer brings warmer temperatures, weaker winds, and nearly continuous solar radiation. This leads to a more stratified water column with a cold fresher layer over the dense bottom water formed the winter seasons before. In the Ross Sea, relatively warm Circumpolar Deep Water (CDW) originating off the shelf preferentially intrudes onto the shelf at sites where the bottom topography changes direction relative to the coastal flow [Klinck and Dinniman, 2010] . The CDW then mixes with these shelf water masses at the shelf break to form Modified Circumpolar Deep Water (MCDW) [Whitworth et al., 1998 ]. With neutral densities between 28 and 28.27 [Orsi and Wiederwohl, 2009] , these intrusions move onto the shelf as mid-water features sandwiched between the dense bottom and lighter surface water masses. This large mass of water injects onto the shelf as mid-water features at specific locations, bringing with it nutrients and heat [Dinniman et al., 2003; Hiscock, 2004; Smith et al., 2006] . The interaction, mixing, and exchange of these water masses helps to maintain deep ocean heat exchange, ventilation, and important ecosystems processes like seasonal blooms [Arrigo et al., 2008; Budillon et al., 2011; Fragoso and Smith, 2012] . While these coastal seas are typically small in area, the role that they play in the exchange of water masses between the shelf and open ocean has important implications to both the global circulation and the critical ecosystem it supports.
[3] Compared to other coastal seas surrounding Antarctica, the Ross Sea in the Pacific sector of the Southern Ocean is relatively well sampled (Figure 1 ). Following Orsi and Wiederwohl [2009] , we characterize the water masses of the Ross Sea based on their neutral densities as follows: (1) dense bottom water (neutral densities greater than 28.27), (2) MCDW/CDW (neutral densities between 28.0 and 28.27), and (3) surface water with neutral densities less than 28.0 ( Figure 2 ). The distribution of these water masses has been described in the context of available data primarily from ship surveys and moorings. In the western Ross Sea, dense High Salinity Shelf Water (HSSW) sinks to the seafloor and splits with a southward branch going under the Ross Ice Shelf and a northward branch heading toward the shelf break. The asymmetry of the deep water formation centers across the entire sea sets up an east/west density gradient with denser water under the formation centers to the west [Jacobs and Giulivi, 1998; Rickard et al., 2010] . The weaker winds and warmer temperatures of the Austral summer stratify the western Ross Sea with a layer of fresher water capping the HSSW formed the seasons before. As the small winter polyna grows to open the entire Ross Sea, blooms of phytoplankton form the base of the food web. It has been suggested that these blooms are maintained in part by the delivery of macro-and micro-nutrients from the deep water off the shelf [Hiscock, 2004; Fragoso and Smith, 2012] . In (red) . Isopycnals (thin black) and the neutral density bounds of 28.0 and 28.27 for MCDW (thick black) defined by Orsi and Weiderwhol [2009] are also shown. addition to the nutrient supply, this warmer deep water is a source of heat that impacts the rate of sea ice formation and melt through the seasons and could impact the rate of basal melt below the ice shelf if it reaches far enough south.
[4] The Ross Sea shelf break is a critical region for both the exchange of bottom water that moves down the slope and eventually forms dense AABW [Gordon et al., 2009a] and the injection of warm CDW that comes from the middepths of the Southern Ocean. Both the deep water formed on the shelf and the mid-water of the deep ocean are modified as they move across the shelf break by local mixing processes [Whitworth et al., 1998; Robertson et al., 2003] . The most energetic process that likely contributes to this mixing is the tides. The tides of the Ross Sea are predominately diurnal with higher amplitudes over the shallow banks and along the shelf break [Robertson, 2005; Whithworth and Orsi, 2006; Padman et al., 2009] . The tides interact with the varying topography and the background flow along the shelf break toward the west to mix and modify the water masses before they move away from the shelf break [Dinniman et al., 2003; Gordon et al., 2009a] . The dominant advective feature along the shelf break is the mostly westward jet maintained by the density gradient across the shelf break. Instabilities and interactions of this jet with the underlying topography lead to preferential centers of CDW intrusions onto the shelf [Klinck and Dinniman, 2010] .
[5] While this shelf break region is undersampled, both observations and numerical studies have identified its importance to the north/south exchange of water masses. These studies are based on observations collected during intensive surveys and mooring deployments [e.g., Gordon et al., 2009a] and numerical models verified by either the direct observations [e.g., Dinniman et al., 2003] or climatologies determined from the observations [e.g., Klinck and Dinniman, 2010] . In the early 2000s, a field program was conducted as part of the AnSlope project [Gordon et al., 2009a] with ship surveys and mooring deployments focused on the shelf break near Drygalski Trough in the northwest Ross Sea. These critical observations have shown the importance of the shelf break as the basis for the formation of the dense water that sink and form AABW Gordon et al., 2009b] . These papers cite the importance of the tides in not only mixing the parent water masses of the Ross Sea but also modulating the position of the shelf break jet. The north south movement of this jet by the tides may facilitate the exchange of dense water off the shelf and into the deep sea along the seafloor. Similarly, the variability of this jet and its interaction with the underlying topography likely control the variability observed in the movement of CDW onto the shelf [Dinniman et al., 2003] . At specific locations along the shelf break, sharp changes in the orientation of the isobaths along the general path of the shelf break jet lead to preferential locations for intrusions of the jet onto the shelf. The models show that these regions of consistent upwelling of CDW coincide with sharp turns toward the north in front of the flow. One region of preferential upwelling is offshore of Joides Trough between Mawson and Pennell Banks (Figure 1 ). Virtual dye experiments within the modeled current fields identify Joides and Drygalski Troughs as regions of consistent MCDW intrusions. Dinniman et al. [2003] suggest that once this CDW is up on the shelf, it mixes with the surrounding shelf water and moves south along the eastern side of Joides trough toward the interior of the shelf.
[6] In this study, we use an extensive multi-platform observation array to characterize the southward flow of MCDW from the shelf break to the interior of the Ross Sea Shelf as part of the Slocum Enhanced Adaptive Fe Algal Research in the Ross Sea (SEAFAReRS) project. The sampling is focused on the western slope of Pennell Bank along the eastern edge of Joides Trough shoreward of the shelf break and the CDW mixing sites associated with the shelf break jet. Particular emphasis on the small time and space scales of the MCDW intrusion drove the sampling design. A ship survey, glider Autonomous Underwater Vehicle (AUV) mission, and a mooring deployed at a depth of 400 m are used to characterize the spatial and temporal variability of the southward flow of MCDW. Section 2 describes the platforms and available data, and section 3 presents the results. Implications and concluding remarks are discussed in sections 4 and 5, respectively.
Data

Glider AUV
[7] A deep Slocum electric glider manufactured by Teledyne Webb Research was deployed. The buoyancydriven propulsion of the glider AUV affords high-efficiency and deployment endurance [Schofield et al., 2007] . Throughout the mission, the glider moved in a sawtooth pattern between 10 m below the surface and 10 m above the bottom determined from onboard pressure and altimeter data. This glider was equipped with a sensor suite that characterized the ecosystem's physical structure (conductivity, temperature, depth, and dissolved O 2 ), in situ phytoplankton fluorescence and optical backscatter. On 10 December 2010, the deep glider was deployed from the sea ice edge near Ross Island. The 52 day mission took the glider east along 76.5 S before turning toward the northwest over Ross Bank (Figure 1 ). The glider then completed a cross section of Pennell Bank, Joides Trough, and up the eastern slope of Mawson Bank before heading back east toward Pennell Bank. The glider began this section near Ross Bank on 28 December 2011 and completed the section 13 days later near Mawson Bank on 10 January 2011. Nine days before the ship left the dock, these data helped guide the initial ship sampling plan with a high-resolution section of temperature, salinity, density, and dissolved oxygen (Figure 3 ). Once the ship started its survey on 10 January 2011, the complimentary glider sampling provided high vertical and horizontal resolutions of the physical characteristics in the vicinity of the flow along western Pennell Bank and into Joides Trough. The glider was recovered on 4 February toward the end of the ship survey. The CTD resolution was 0.25 m in the vertical and approximately 2.2 times the water depth in the horizontal. The CTD data were verified against the ship's data during two calibration casts with the glider secured to the ship's rosette.
Ship Surveys
[8] A ship survey was completed aboard the RVIB Nathaniel B. Palmer (NBP). The ship left McMurdo Station on 20 January 2011 on a 26 day cruise across the Ross Sea.
The sampling focused on the banks and troughs of the outer shelf in the western Ross Sea (Figure 1 ). Throughout the cruise, underway measurements of temperature and salinity were taken every second with the NBP thermosalinograph at an intake depth of 6.7 m below the surface. These data were sub-sampled every 10 s along the ship's track. Vertical profiles of velocity were sampled by a ship mounted downward looking 150 KHz Acoustic Doppler Current Profiler (ADCP). These shipboard data were processed with the University of Hawaii Data Acquisition System (UHDAS) software. Five minute ensembles were collected with a vertical bin resolution of 8 m. Raw depth-averaged and depth-dependent data were de-tided using the predicted barotropic tide derived from Ross Sea sub-region of the Oregon Tidal Prediction System ( Figure 4 ) [Erofeeva et al., 2005] .
[9] In addition to the underway data, the ship survey completed 79 stations (Figure 1 ). At each station, at least one full water column profile of the ship's CTD rosette was completed. All stations were sampled at least once with more frequent repeat stations along the southern line crossing both Pennell and Mawson Banks. The Sea-Bird CTD mounted on the rosette was calibrated before and after the cruise. Our analysis will focus in on a single along-bank section from off the shelf to the southern end of Pennell Bank and eight repeat cross sections across Pennell Bank, Joides Trough, and Mawson Bank ( Figure 1 ). The distribution of the potential temperature and salinity sampled over these stations is shown in Figure 2 .
Mooring Deployment
[10] A surface-buoyed mooring was deployed on 27 January 2011 for 13 days on the western side of Pennell Bank (Figure 1 ). It was anchored to the bottom on 600 m of mooring wire in water 400 m deep. After recovery from a 3 year deployment as part of the Cape Adare Long-term Moorings (CALM) project earlier in the cruise, the sensors were quickly repurposed for this short redeployment focused on the MCDW intrusion. The sensor distribution and mooring location were determined from by available ship and glider data to target the MCDW core flowing south along the western slope of Pennell Bank. Four depths were instrumented: 50 m (current meter with temperature and pressure), 225 m (current meter with temperature and pressure), 230 m (salinity, temperature and pressure), and 300 m (temperature and pressure). The two mid-water depths (225 m and 230 m) specifically targeted the MCDW water observed by the glider and ship survey. All instruments sampled every 5 min. Current meter magnetic compasses were corrected for the local magnetic declination of 112 .
Results
[11] A single glider section across the bank and trough topography of the Ross Sea shows the scale and possible dynamics driving the distribution of MCDW (Figure 3) . The glider began the section on 28 December 2010 over Ross Bank and reached Joides Trough on 10 January 2011. The glider section identifies the relatively warmer potential temperature (greater than approximately À1.3 C) and minima in dissolved oxygen indicative of MCDW over the western slope of Pennell Bank and suggests that the core of MCDW mixes up and over the shallows of the bank (Figure 3 ). The location of the warmer water feature identified through the real-time data feeds from the glider guided the sampling strategy initiated on 19 January 2011 when the NBP left the pier at McMurdo Station. Unlike previous surveys conducted in the Ross Sea, the sampling design centered on this small feature seen on the glider section with repeat ship sections across the bank and subsequent mooring deployment in the core to resolve the relevant time and space scales.
[12] For this study, the observations are organized into along-and cross-bank sections. The along-bank direction was determined to be 20 clockwise from true north based on the largest bathymetric gradient over a scale of 0.5 in latitude (5.5 km) and longitude (1.7 km). In all of the figures, positive indicates flow toward the northeast (20 ) and southeast (110 ) for the along-and across-bank components, respectively.
Along-Bank Structure of the MCDW Intrusion
[13] The hydrographic data along the bank was taken over a series of five stations ( Figure 5 ). The southernmost station (#2) was sampled early in the cruise based on initial guidance from the glider locating a core of MCDW along the western slope of Pennell Bank. Six days later, the alongbank section continued with a series of stations beginning off the shelf and moving south along Pennell Bank (stations 14-17, all sampled within 1.5 days of each other). For each station, we show the average profile of the upper 400 m (Figure 6 ). The gray-shaded region is the portion of the water column in which the neutral density fall within the range set for MCDW as defined in Orsi and Wiederwohl [2009] . The potential temperature-salinity plots below each profile are the data for that particular station in red plotted against all the data collected on the cruise in gray. At all the stations, there is a well-defined surface layer of warmer fresher water primarily associated with the melting of the seasonal sea ice and subsequent solar heating ( Figure 6 ). Distinction between the stations is seen in the depth and strength of the thermal gradient between the surface layer and the cooler layer just below. Off the shelf break at the deep water station (14), the warmer CDW is seen at depths deeper than 300 m. Based on the Y-S characteristics, this station has two clear water masses, a warmer fresh layer within the upper 70 m and the warmer saltier CDW layer below. On the inshore side of the shelf break at station 15, the deep water peak in potential temperature seen in station 14 cools and freshens as it mixes with shelf water, forming MCDW. Continuing south along the bank, the subsequent stations show that dilution of the pure CDW signal seen offshore (station 14) and a general increase in the potential temperature of the surface layer, likely driven by the earlier melt of the seasonal sea ice leading to longer exposure to solar heating. While the depth and vertical extent of the MCDW varies from station to station, this water lay within a broad range of depths between 200 m to 350 m deep.
[14] The velocity data identify how these water masses move across the shelf. Both the depth-averaged and depthdependent velocity data show a significant rotation in the currents as the ship moved from the deep water off the shelf break southwest along the western slope of Pennell Bank (Figure 7) . To the north, the depth-averaged flow of the shelf break jet peaks over the steep slope of the shelf break with a broad shoulder extending south over the shelf. Further to the south, the currents rotate counterclockwise to an approximate along-bank direction in the vicinity of the 400 m isobath west of Pennell Bank. The shelf break jet has a sub-surface velocity peak of about À0. 
Across-Bank Structure of the MCDW Intrusion
[15] Over the course of the cruise, the ship made eight repeat transects across Pennell Bank and Joides Trough (Figure 1 ). Along this cross section of the banks, we sampled nine stations, five over Pennell Bank, three over Mawson Bank, and one over Joides Trough (Figure 8) . At each station, there were at least three CTD casts with a maximum of eight casts sampled at our mooring station over the 400 m isobath along the western slope of Pennell Bank. For each of these stations, we show the Y-S diagrams for the casts taken at that station (red) relative to all stations sampled throughout the cruise (gray). The warmer fresher surface layer resulting from the sea ice melt earlier in the season and subsequent solar heating is seen across all stations with the warmest surface water over the shallows of the banks. The strongest MCDW signal is seen near Joides Trough and the western slope of Pennell and Mawson Banks, coincident with our mooring site over the 400 m isobath. The deep HSSW is only seen in stations at least 400 m deep.
[16] The mean cross section based on all the casts taken at each station shows the significant variation in water column properties across the complicated topography. There is a clear surface layer of warmer fresher water across the entire section with slightly fresher water over the western slopes of the banks (Figure 9 ). Below this roughly 80 m deep surface layer, there is significant variability in the distribution of the deeper water masses. At depth in Joides trough, there is a thick layer of dense shelf water reaching up from the bottom to a depth of about 250 m. At mid-depth, the most striking feature is the slug of warmer MCDW centered over the 400 m isobath above the western slope of Pennell Bank. The small region of MCDW is confined to a depth between 180 m and 250 m and is not seen in the neighboring stations. While there is evidence of a similar slug of MCDW over the western slope of Mawson Bank, its potential temperature and oxygen signal are more dilute and spread over a wider range of depths. The contrasting MCDW characteristics between the two banks are likely due to the more energetic tides over the narrower Mawson Bank. This section is consistent with the structure of the MCDW seen by the glider several weeks before with a core of MCDW over the 400 m isobath except that in this section, this warmer water does not extend east over the shallows of the bank (Figures 3  and 9 ). Unlike the glider section further south, this section completed closer to the shelf break clearly shows the presence of warmer deep water over the slope isolated from the shallows of the bank.
[17] The repeat sections of underway ADCP data describe the movement of these water masses across the shelf. The depth-averaged flow averaged over all eight cross sections shows a clear link to topography with the southward flow over the western slopes of Mawson and Penell Banks and the northward flow along the eastern slope of Mawson Bank (Figure 10, left) . For both banks, the flow is about À0.3 m/s and centered just inside the Figure 6 . The average potential temperature (black) and salinity (red) for each station in the along-bank line. Vertical distributions of the neutral densities that define MCDW are shaded gray for each station. Below each section, the potential temperature-salinity plot is shown for all stations (gray) and that particular station (red). The neutral density bounds for MCDW are shown as thick black lines. 400 m isobaths. There is also a second region of southward flow centered over Joides Trough.
[18] The depth-dependent velocity data averaged across all eight cross sections of the banks show the largest vertical shear in the along-bank flows to the north and south over the eastern and western slopes of the banks, respectively. The southward flow along the banks is seen to vary with depth. This mean surface intensified flow of 0.3 m/s decays to about 0.1 m/s at 300 m but never reverses (Figure 10, right) . Similarly along the western bank of Mawson, the stronger along-bank velocities are shallower and not as strong as those seen along Pennell. For both banks, this southward flow has a weak upslope component (<0.05 m/s). The upslope velocity is relatively uniform with depth except over Mawson Bank where there is a slight intensification at depth around 225 m deep.
[19] The depth-averaged flow of each individual pass across the banks shows regions of relatively constant and variable flow in time. For all eight sections, the flow over the shallows of the banks shows the most variation (Figure 11 ). This is particularly evident in the upper four sections sampled almost continuously between 8 February and 12 February. Over Pennell Bank, it transitions from relatively strong northward to periods of weak flow to the south. The most consistent feature across all the individual sections is the southward flow along the western slope of the banks. The depth-averaged flow over both slopes is consistently to the south. From section to section, the character of the flow changes from a relatively narrow jet to a broad feature spreading up toward the shallower depths of the banks.
Volume Transport Onto the Shelf
[20] Models and sparse observations have identified the importance of topography in steering the transport of MCDW south into the interior of the shelf [Dinniman et al., 2003; Klinck and Dinniman, 2010] . Given the location, size, and velocity associated with the MCDW core identified over the western slope of Pennell Bank above, we characterize its transport and variability. Both the glider and ship CTD data identify a small core of MCDW centered over the 400 m isobath characterized by a sub-surface potential temperature maximum, dissolved oxygen minimum, and consistent with the neutral density definitions of Orsi and Wiederwohl [2009] (Figures 3 and 9) . The depth of the sub-surface peak is about 250 m below the surface but is seen as shallow as 180 m and as deep as 280 m. The MCDW is characteristically warmer than the surrounding shelf water, with lower dissolved oxygen concentrations. These two traits are used in addition to the neutral density bounds defined by Orsi and Weiderwhol [2009] to tag water as MCDW.
[21] Using the ADCP and station data from the survey, we estimate a mean volume transport of the layer bounding MCDW (defined by neutral density surfaces as above) along the western slope of Pennell Bank. The height of the layer is estimated from the mean CTD profile taken at the 400 m isobath station. Based on this average profile, the MCDW is seen over 100 m of the water column between 180 m and 280 m deep (Figure 9 ). The width of the MCDW core was estimated from the ADCP sections. The mean velocity transect averaged across all eight cross sections of the bank shows a clearly defined flow moving south along the western slope of the bank. The width of this jet is approximately 20 km. Therefore, the approximate area of the MCDW layer along the western slope of Pennell bank is approximated as 20 km wide by 100 m high. Using the same ADCP data, we calculate the mean velocity in this sub-section of the average transect to be À0.12 m/s. Based on these data, the estimated transport of MCDW south along Pennell Bank is estimated at 2.4 Â 10 6 m 3 /s, or 0.24 Sv. Since the concentration of MCDW is not precisely known within the volume used in this estimate, this serves as an upper bound for MCDW transport onto the shelf given our available data.
Temporal and Spatial Variability of the MCDW Intrusion
[22] This estimate provides a scale for the input of MCDW onto the shelf along Pennell Bank. It does not however adequately represent the significant time and space variability seen in the MCDW core along the banks. The velocity data used to estimate the transport was averaged over eight cross sections of the banks and eight CTD profiles over the 400 m isobath. Both the mooring and glider highlight the variability not captured in this mean estimate of transport. The mooring deployed directly over the 400 m isobath was instrumented at several depths including 225 m and 230 m within the approximate core of MCDW. The 13 day time series shows significant variation in velocity, potential temperature, and salinity. At least 85% of the variability in each velocity component is explained by the strong diurnal tide modulating the along-bank jet in both the along-and across-bank directions. The high-frequency velocity data at 225 m is dominated by the diurnal tide that transitioned from spring to neap over the duration of the deployment. Along-bank flow was consistently toward the southwest at 0.14 m/s, modulated by the tides. The cross-bank flow was upslope at 0.01 m/s, again modulated by the tides. Based on a 25 h running mean, the sub-tidal flow at 225 m depth is relatively steady along isobath throughout the deployment, slightly weakening toward the end of the deployment (Figure 12 ). The record mean of À0.14 m/s along isobath with a weak upslope component of 0.01 m/s is consistent with the MCDW area mean ADCP value of À0.12 m/s used in the transport calculations in section 3.3.
[23] In addition to the velocity, the potential temperature and salinity sampled at the 230 m depth within the MCDW core had significant variability (Figure 12) . Like the velocity, the salinity had a large diurnal signal that ranged from 34.42 to 34.57 through the entire time series. The saltiest water is associated with a weak cross-shore velocity and strong southwestward along-bank velocity. The potential temperature data show a much different response with most of the variation occurring on scales of hours, much shorter than the diurnal signal seen in the velocity and salinity. This is strongest toward the end of 31 January when the potential temperature drops from À0.4
to À1.5 in a few hours. While the potential temperature data were much more variable over a large range of time scales, a diurnal signal was Figure 8 . Potential temperature-salinity plots for the cross-bank stations for all stations (gray) and that particular station (red). The neutral density bounds for MCDW are shown as thick black lines. The mooring location (gray circle) is also shown. present during the stronger spring tide. Throughout the record, there are also significant potential temperature shifts between À0.3 C and À1.6 C over periods much less than a day. The different response between the potential temperature and salinity time series at this depth is likely due to the difference in their vertical gradients and the relative influence each has on the density. At these salinity and temperature ranges, the ratio of beta to alpha is about 18 (beta~dr/dS, alpha~dr/dY, where r is density, S is salinity, and Y is potential temperature). Thus, fairly large excursions in potential temperature relative to salinity are to be expected. This is most evident at depth where there are large thermal gradients associated with MCDW. Here small vertical excursions lead to larger changes in potential temperature than salinity. The more gradual salinity changes with depth are seen only during the largest vertical excursions associated with the tides. The pressure data (not shown) indicate a fluctuation in the 225 m sensor depth of 10-30 m correlated with the tide. While significant, this sensor motion does not appear to account for all the variability in the diurnal band.
[24] The glider data collected in the vicinity of the mooring provides a spatial context for this temporal variability. A glider subsection of the transect that begins in the deeper water of Joides Trough moves up the slope of Pennell Bank toward the 280 m isobath (Figure 13 ). In the deeper water of the trough, the water column is seen to be relatively consistent with a layer of MCDW approximately 200 m deep. As the glider approaches the shallower water of the bank, this layer of MCDW deflects significantly in the vertical between 200 m and 350 m. The time scale of the depth variation of MCDW is consistent with the dominant diurnal tide that peaks over the shallows of the banks near the shelf break. The dashed black line approximates the location of the mooring. The apparent movement of the MCDW layer through the water column explains in part the variation in the potential temperature time series at 230 m from the mooring. This MCDW feature along the bank is highly variable over time scales of hours. This variation sampled by the glider is likely the result of tidal forcing on a spatially varying potential temperature field observed in the ship data.
Discussion
[25] Modified deep water intruding onto the shelf is a potential source of heat and micro-nutrients to the Ross Sea. Therefore, the magnitude and direction of MCDW transport are needed to quantify its impact on the heat and micronutrient budgets that influence Ross Sea processes. Throughout our survey, a large phytoplankton bloom was sustained over Pennell Bank (Figure 14) . Both satellite remote sensing and ship board sampling identified this surface feature centered over the north east corner of Pennell Bank. Given the observed variation in MCDW transport and the apparent separation between it and the bloom, we can use our targeted dataset to identify two possible pathways that link the MCDW source waters to the bloom. The first is a direct transport eastward near the shelf break between the MCDW core observed at the mooring and the adjacent bloom over Pennell Bank. The large vertical excursion of the MCDW seen in the glider section could elevate that source above the minimum depth of the bank enabling cross-isobath transport onto the bank. During the cruise, we sampled stations between the troughs and the shallows of the bank along a line that bisected the mooring location. Along this line, there is no evidence of MCDW moving up slope over shallower water. A station 30 km east of the MCDW core in 280 m of water (80 km on the x axis of Figure 9 ) shows a water column predominately composed of a warm surface layer over a cooler, saltier bottom layer (Figure 9 ). The peak temperature and oxygen minimum characteristic of MCDW is not seen in any of the profiles sampled at this station. Based on these station data and the weak vertical shear in the ADCP velocities along this line, it is unlikely that the MCDW intrusion seen over the 400 m isobath is directly mixing up to the shallows of the adjacent bank, even with the significant vertical excursions of up to 100 m related to the dominant diurnal tide.
[26] An alternative pathway for the MCDW is to continue south along the bank, moving gradually upslope along the way. Once near the southern edge of the bank, the MCDW could turn north, continuing to follow the 400 m isobath back toward the shelf break. There is evidence of this isobath following flow pattern in model simulations [Dinniman et al., 2003 ]. This pathway is driven primarily by bathymetry given the mostly barotropic flow seen over the 400 m isobath. These model simulations are consistent with the mooring and shipbased ADCP data with a strong along isobath flow moving south over the 400 m isobath west of Pennell and Mawson Banks and a return flow back toward the shelf break on the eastern side of Mawson Bank. If we assume a barotropic flow following topography, we would expect the intrusion of MCDW over the 400 m isobath to be constrained by f/H, where f is the local Coriolis parameter and H is the water depth [Marshall, 1995] . Using the mooring site as an initial condition for the MCDW intrusion, we calculate the regions of the Ross Shelf that have consistent f/H values (Figure 15) . If the MCDW is carried by a barotropic current south onto the shelf, then this flow would be limited to those areas shaded in tan. For Pennell Bank, we see the pathway continuing south and moving up onto the bank around the 74.5 S parallel where the steep slope of Pennell flattens. The shallower slope relaxes the dynamic constraint, allowing the MCDW to move up onto the bank. Once For Figures 12a and 12b , the red line is the hourly data, gray is velocity predicted by the barotropic tide model Ross_TIM [Erofeeva, et al., 2005] , blue is de-tided data, and black is the 25 h running mean of the hourly data. Record-length mean of the hourly velocities is given in the upper-right corner, with the standard deviation of the hourly (red) and de-tided (blue) velocities in parentheses.
over the bank, the MCDW is subject to the stronger diurnal tides and could be vertically mixed to the euphotic zone.
[27] The ADCP data identified a strong southward flow along the western edge of Pennell Bank coincident with the MCDW core. The depth-dependent data show that this flow is not truly barotropic. Given the observed shear, the f/H constraint may not apply to the MCDW intrusion along the bank. Recognizing that flow fields in the ocean are rarely fully barotropic, there is a modified denominator that considers the depth scale of the observed shear, f/F o [Krupitsky et al., 1996; Gille, 2003; Gille et al., 2004] , where
[28] H o is the e-folding scale of the observed velocity shear:
where v(z) is the depth-dependent velocity, z is the depth of the measurement, and v(0) is the magnitude of the surface velocity. Here we calculated H o based on the average of the three velocity profiles within the MCDW core over the 400 m isobath (Figure 10 ). The exponential fit to this observed shear gives an e-folding depth scale of 380 m, approximately the depth of the water column. Since the shear is small, the modified constraint is not significantly different than the f/H constraint that assumes zero shear (not shown). With either definition, the flow transporting this MCDW from the shelf break onto the shelf likely follows the topography of both Pennell Bank and Mawson Bank toward the south. Unlike Pennell Bank, the water following Mawson is much less constrained to the slope and could quickly move over the shallows of the bank (Figure 15 ).
[29] Over Pennell Bank, there is a distinct separation between the MCDW core observed over the mooring site and the elevated chlorophyll concentrations over the shallower waters of the bank. The dynamic constraints shown in Figure 15 illustrate the isolation directly between them along ship sections sampled near the shelf break. Further south, however, the dynamic constraint relaxes and the glider section shows MCDW sliding up and over Figure 13 . Subsection of the glider path that begins in Joides Trough and moves up the slope of Pennell Bank (red, above). Potential temperature along this section (below). The neutral density bounds defining MCDW are shown in black, and the topographic features are labeled as in Figure 1 . The vertical dashed line (below) coincides with the sharp turn in the red transect (above). the bank (Figure 3 ). Once the MCDW reaches the shallows of the bank, it is subject to increased tides and could mix vertically toward the euphotic zone and the observed bloom. Through this pathway, the micronutrient supply of MCDW can reach the bloom and, if high enough concentration, help sustain its productivity.
Conclusion
[30] A multi-platform sampling strategy focused on the bank/trough topography near the outer shelf of the Ross Sea characterized the small scales that determine the transport of MCDW from preferred CDW intrusion sites at the shelf break south along the western slopes of both Pennell and Mawson Bank. For both banks, the MCDW signal is seen approximately over the 400 m isobath west of the banks. Using eight transects of ADCP sections across the bank/trough topography, we see a flow approximately barotropic moving southward along the bank. This flow is bringing with it cool fresher water on the surface and the warmer low oxygen water characteristic of MCDW at depth. The velocity and CTD sections averaged over eight cross sections were used to estimate a mean transport of MCDW over our survey of approximately 0.24 Sv. Both the glider and mooring data show that this mean transport is highly variable over scales of hours to days. The main variance, driven by the tides, appears to move this core of MCDW approximately 100 m in the water column every 12 h. At this point, we do not have the data coverage to determine the mechanism for this rapid movement of MCDW. However, we do conclude that this energetic tide is unlikely to drive the MCDW up and onto the Pennell Bank. Instead, given the small vertical shear in the flow, this intrusion of MCDW likely continues south along the bank until the slope flattens allowing the warmer mid-water to move over the bank. At that point, it is subject to the stronger tides of the bank and could be mixed up to the euphotic zone. The glider section across the southern edge of Pennell bank identifies the higher temperatures of the MCDW intrusion going up and over the bank. The scale of variability in time and space observed during this field study indicates a need for future study that incorporates longer time series, more detailed surveys, and eddy resolving models to fully describe the processes that govern the southward movement of MCDW into the Ross Sea.
